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Abstract 

 

The Mo-S system is crucial to extractive metallurgy, tribology, and various possible applications 

in design and fabrication of novel two-dimensional (2D) materials. First-principles calculations 

were utilized to compute the enthalpies of formation of molybdenum sulfides at 0 K and the heat 

capacity of Mo2S3 up to 960 K. A critical evaluation of the thermodynamic properties, phase 

equilibria, and phase diagram information in the literature was carried out to facilitate the 

thermodynamic optimization of the Mo-S system. The obtained thermodynamic description of the 

Mo-S system can satisfactorily represent most of the reliable thermodynamic and phase diagram 

information. Pressure-temperature (P-T), pressure-composition (P-x), and temperature-

composition (T-x) diagrams of the Mo-S system were utilized to study the thermal decomposition 

of MoS2 for raw Mo production. Reduced pressure and high temperature are thermodynamically 

favorable conditions for the MoS2 reduction process. 
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1 Introduction 

 

The Mo-S system is very attractive due to its importance in extractive metallurgy, tribology, 

and various possible applications in design and fabrication of novel two-dimensional (2D) 

materials. MoS2 (molybdenum disulfide) mineral is the major resource for the extraction of Mo 

and rare metal Re [1-4] which have important applications in aerospace industry [2, 4]. MoS2 has 

a lamellar structure which is formed by van der Waals force bonding of many stacked layers [5]. 

The high strength covalent bonds within the layer make it easy to slide rather than be destroyed. 

MoS2 is therefore well-known as solid lubricant with a lubricity comparable to graphite [5-8] and 

as nanoscale additive of lubricating oil [9]. Besides, MoS2 as a 2D material exhibits excellent 

optoelectronic [8, 10-14], piezoelectronic [15], and valleytronic [10] properties. In addition, the 

possibility of tuning structural phase within MoS2 lattice offers wider space and more flexibility 

for manipulating properties [16-19]. Thus, there are great potential applications of MoS2 in solar 

energy harvesting and conversion [8, 10, 13], photon detectors [10, 13], photon catalysis [13], 

transistor [8, 11, 20, 21], light emitter [14, 20], modular [20], etc. 

 

Another layer crystal structured [22] molybdenum sulfide phase Mo2S3 (molybdenum 

sesquisulfide) was utilized to synthesis nanorods [23]. The nanostructured Mo2S3 is of interest in 

the applications as catalysis, electrodes, and intercalation hosts. In addition, the metastable Mo3S4 

(molybdenum tetrasulfide) phase has potential applications as superconductor [24].  

 

During the synthesis or fabrication of nanostructured molybdenum sulfide material or 2-D 

layered device, the methods like solid/gas reaction [23], chemical vapor deposition (CVD) [12, 

20], low pressure CVD [20], plasma enhanced CVD [20], etc., may be utilized. Thermodynamic 

and kinetic information of the Mo-S system is of fundamental importance in controlling the rate 

of chemical reactions involved, and the thickness and homogeneity of the layer of 2D material [25] 

as well as in understanding the gas/solid interaction during the fabrication process. Furthermore, 

the traditional Mo production process has unsolved problems such as long production cycle, 

complex purification procedure, low yield, and pollution due to H2S and SO2 [26]. The eco-

friendly, low energy consumption, and high resource utilization Mo extraction process such as 

vacuum thermal decomposition of MoS2 is under further development [26, 27]. Pressure and 
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temperature are among the determinant factors of the thermal decomposition process [26-29]. Thus, 

knowledge of phase equilibria in the Mo-S system under varying temperature, composition, and 

pressure is the prerequisite for the design and control of various related material fabrication and 

metallurgical processes. 

 

The present study attempts to build the Mo-S phase diagram with the aid of CALPHAD 

(CALculation of PHase Diagram) [30-35] approach, get a set of Gibbs energy functions that can 

represent the equilibrium state of the Mo-S system, and study the thermal decomposition process 

of MoS2. A comprehensive literature review and critical evaluation is carried out for the 

thermodynamic, phase equilibria, and phase diagram measurements related to the Mo-S system. 

First-principles calculations are utilized to solve the controversial issues related to the phase 

stability and supplement the evaluation and optimization work. A set of thermodynamic 

parameters for the Mo-S system is obtained to describe the thermodynamic properties and phase 

diagram information. The thermal decomposition process of MoS2 is studied based on the 

calculated pressure-temperature (P-T), pressure-composition (P-x), and temperature-composition 

(T-x) diagrams. 

 

2 First-principles calculations 

 

The highly efficient first-principles calculations method as implemented in the Vienna Ab 

initio Simulation Package (VASP) [36, 37] was utilized to determine the ground-state enthalpies 

of formation and the heat capacity of the Mo-S intermetallics. The frozen-core Projector 

Augmented Wave method (PAW) [38, 39] was adopted to depict the electron-ion interactions, and 

the exchange-correlation was described by the Generalized Gradient Approximation (GGA) of 

Perdew-Burke-Ernzerhof (PBE) [40]. Plane wave cut-off energy was set to be 400 eV to make 

sure the total energy differences were less than 1 meV/atom for all the compounds. The integration 

of the Brillouin zone (BZ) was conducted on the basis of the Monkhorst-Pack scheme [41] k-points 

sampling in combination with the linear tetrahedron method including Blöchl corrections [42]. 

 

For enthalpies of formation calculations at 0 K, full relaxations with respect to volume, the 

shape of unit cell, and the atomic positions were carried out on the unit cells of the Mo-S 
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compounds till the Hellmann-Feynman force on all atoms was <10-2 eV/Å. The enthalpies of 

formation for the Mo-S compounds were calculated using the following equation: 
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where  )( nmSMoE , )(MoE , and )(SE  represent the total energies of MomSn, Mo, and S, 

respectively, in their equilibrium state. It should be noted that the reference states are bcc_A2 Mo 

and orthorhombic S. The calculated enthalpies of formation of the Mo-S compounds at 0 K are 

listed in Table 1. 

 

After structural optimization, phonon calculations of α_Mo2S3 (Monoclinic) have been 

performed to evaluate the vibrational frequencies [43, 44]. A 2×2×2 supercell was constructed to 

obtain force constants with the criteria of convergence set as 10-8 eV. With the obtained force 

constant matrix, the vibrational frequency )(q , can be calcualted by solving the secular equation: 
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where m1 and m2 are the atomic masses of atoms 1 and 2, respectively. 

 

 With the vibrational frequencies, the Helmholtz free energy Fphonon is given as: 
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where q and v are the wave vector and band index, respectively, vq ,  is the phonon frequency at q 

and v, and T is the temperature in Kelvin. Bk  and   are the Boltzmann constant and the reduced 

Planck constant, respectively. Under quasi-harmonic approximation (QHA), the Gibbs energy at 

constant pressure can then be formulated as: 
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The heat capacity under constant pressure can then be calculated as: 
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The calculated heat capacity of α_Mo2S3 under 1 bar from 0 to 960 K in the present work 

is listed in Table 1 in the supplementary data, and shown in Fig. 1. The derived entropy of α_Mo2S3 

at 298.15 K is shown in Table 1. 

 

3 Critical evaluation of literature information 

 

3.1 Thermodynamic information 

3.1.1 Thermodynamic properties of MoS2 
 

Thermodynamic data of MoS2 (Hexagonal) available in the literature include heat capacity, 

heat content, entropy of formation, enthalpy of formation, and Gibbs energy of formation. These 

experimental data are summarized in Table 1 and Figs. 1 to 4, and are briefly discussed as follows.  

 

The measured low temperature heat capacity data of MoS2 at 5-350 K from different groups 

[45-48] via adiabatic calorimetry are in good agreement. The experimental heat content data of 

MoS2 are available in the temperature range of 525-1973 K [49-51]. The derived heat capacity of 
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MoS2 from these heat content data [49-51] are also consistent with the low temperature heat 

capacity data [45-48]. The first-principles calculations data from Yuan et al. [52] and Ali et al. [53] 

show deviation from the experimental data at high temperature, see Fig. 1(a). (It should be noted 

that the data from Yuan et al. [52] is under constant volume.) 

 

Entropies of MoS2 at 298.15 K derived from low temperature adiabatic calorimetry data 

[45, 48-50, 54] are generally in good agreement. The value derived from electron motive force 

(emf) data by Makolkin [55] for MoS2 is slightly higher, while the indirect data from Hager and 

Elliott [56] systematically show positive deviation from other data. 

 

The enthalpy of formation of MoS2 at 298.15 K was measured by O’hare et al. [57, 58] 

using a fluorine bomb calorimeter and Makolkin [55] using electron motive force (emf) 

measurements. Sukhushina and Vasil’eva [59], Bartovská and Černý [60], Schaefer and Gokcen 

[61, 62], and Stubbles and Richardson [63] also reported the derived enthalpy of formation from 

their Gibbs energy of formation data. However, most of the reported enthalpy of formation data 

show deviation from the calorimetry ones [57, 58]. The first-principles calculations data from Pan 

and Guan [64] also show certain acceptable difference with the experimental data. The data 

reported by Bartovská and Černý [60] and Schaefer and Gokcen [61, 62] are consistent with the 

calorimetry data. The first-principles calculations data from Shang et al. [25] and the present work 

are in good agreement with the calorimetry data. The data reported by Stubbles and Richardson 

[63] is quite negative which may be due to S2 gas was used as the reference state for S. 

 

The Gibbs energy of formation of MoS2 in the heterogeneous equilibrium of Mo/S2 

(gas)/MoS2 was investigated by Pouillard and Perrot [65], Larson and Elliott [66], Schaefer and 

Gokcen [61, 62], Sukhushina and Vasil’eva [59], Bartovská and Černý [60], Suzuki et al. [67], 

Zelikman and Krein [68], Parravano and Malquori [69, 70], and Isakova [71]. Most of these 

experimental data are in good agreement. However, certain scatter is shown. The earlier data from 

Zelikman and Krein [68], Parravano and Malquori [69, 70], and Isakova [71] are inconsistent with 

the later data. In the early investigation by Parravano and Malquori [69, 70], a wrong reaction 

constant for 2H2S = 2H2 + S2 was used during the thermodynamic calculations [68] and the 

measurements may be not related to MoS2 but Mo2S3 [60, 63] since MoS2 was considered as the 
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lowest compound in their work. Besides, these deviations may be also due to the large 

experimental errors during the measurements. 

 

3.1.2 Thermodynamic properties of Mo2S3 
 

The reported thermodynamic properties of Mo2S3 are limited to enthalpy of formation and 

Gibbs energy of formation. The enthalpy of formation of Mo2S3 at 298.15 K was deduced by 

O’hare et al. [57] from the literature data. This value is quite close to the prediction using those of 

MoS2 and Mo. The presently calculated value from first-principles calculations is quite close to 

the suggested value by O’hare et al. [57]. 

 

The Gibbs energy of formation of Mo2S3 was measured by McCabe [72], Stubbles and 

Richardson [63], Hager and Elliott [56], Pouillard and Perrot [65], Suzuki et al. [67], and refined 

by Sukhushina and Vasil’eva [59]. These data are in excellent agreement except for the data from 

McCabe [72] show certain discrepancy. There is no report of Mo2S3 heat capacity measurements 

till now. The present first-principles data are the only available information. 

 

3.2 Phase diagram data 

 

The Mo-S phase diagram was evaluated by Moh and Takeno [73, 74], Brewer and 

Lamoreaux [75], Johnson et al. [76], and Starkov et al. [77]. It can be seen from the literature that 

the Mo-S phase diagram is still largely undetermined in the high temperature region. It could 

mainly due to the extremely high melting point of Mo, and the high vapor pressure of S and the 

difficulty in controlling it. Moh and Takeno [73, 74] proposed a first version of Mo-S phase 

diagram in the range of Mo-MoS2 based on their own experimental data and literature information. 

According to Moh and Takeno [73, 74], there is a stable liquid miscibility gap in the Mo rich side, 

and an eutectic reaction between liquid, Mo, and Mo2S3. Mo2S3 forms incongruently and has a 

polymorphic transition. MoS2 melts congruently at a very high temperature. Later, Brewer and 

Lamoreaux [75] optimized the Mo-S system and presented the Mo-S phase diagram under 1 bar. 

The Mo2S3 phase forms congruently and MoS2 incongruently from liquid and gas. There is no 

liquid miscibility gap in the Mo rich liquid. Johnson et al. [76] also reviewed the Mo-S phase 
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diagram but with a polymorphic transition of the MoS2 phase. In the evaluation of Starkov et al. 

[77], Mo2S3 forms incongruently and MoS2 via a peritectoid reaction at 1300 °C. The phase 

diagram studies in the Mo-S system are summarized in Table 2. And the measured invariant 

temperatures are listed in Table 3. 

 

3.2.1 The compound phases 
 

Mo2S3 is the lowest compound in the Mo-S binary system [78]. And this phase is hard to 

fabricate using Mo and MoS2 below 900 °C [79]. The Mo2S3 phase did not decompose after 

annealed at 600 °C for 21 days [80]. The composition of Mo2S3 was reported to be Mo2.06S3 by 

Morimoto and Kullerud [79] at 935 °C, MoS1.457 by Suzuki et al. [67], and Mo2S3-δ (0.008≤δ≤0.036) 

by Krabbes et al. [81]. Mo2S3 has the exact stoichiometry when the possible experimental error is 

considered. There is no consensus about the melting temperature of Mo2S3. It can be seen from 

Table 3 that the reported melting temperatures vary from 1600 to 1780 ºC. Congruent melting [82, 

83], incongruent melting [73, 84, 85], and dissociation to Mo and gas [78] were reported. The 

phase diagram evaluations carried out by Johnson et al. [76] and Starkov et al. [77] also showed 

more than hundred degree’s difference. It seems very hard to justify the melting behavior and 

temperature of the Mo2S3 phase based on the literature information. And the Mo2S3 phase is 

unstable at low temperature and dissociates via an eutectoid reaction to Mo and MoS2 at 610±5 °C 

[79, 84] by phase diagram measurements or 664 °C [65] by thermodynamic calculations using 

high temperature thermodynamic data. The present work prefers the phase diagram measurements 

[79, 84].  

 

Two polymorphous namely rhombohedral 3R_MoS2 and hexagonal 2H_MoS2 were found 

in natural minerals [86] and synthesized in experiments [87-89]. And the 3R_MoS2 was reported 

to be richer in Mo than 2H_MoS2 [90, 91]. The 3R_MoS2 when heating up will undergo 

polymorphic transition to 2H_MoS2 [89, 91]. This rises the controversy about the stability of 

3R_MoS2 compared to 2H_MoS2 at low temperature. For instance, a transition temperature of 

about 500 ºC [91] or about 1000 °C [76] was reported. In addition, 2H_MoS2 was reported to be 

stable down to room temperature [79]. In fact, 3R_MoS2 is very rare in natural molybdenite and 

always contains high percentage of Re [86, 92, 93]. 3R_MoS2 could be stabilized due to the 
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presence of Re [88]. Besides, the crystal growth experiments [76] may also produce metastable 

crystals. The present first-principles calculations indicate that 2H_MoS2 is stable than 3R_MoS2 

at 0 K (see Table 1). Consequently, the present work considers that the 2H_MoS2 is stable down 

to room temperature.  

 

Morimoto and Kullerud [79], Rau [94], and Yamamoto et al. [95] reported that MoS2 is a 

stoichiometric compound. Ugryumova et al. [96], Red’ko et al. [97], Suzuki et al. [67], and 

Schaefer et al. [80] indicated that MoS2 has a narrow homogeneity range of 64.91-69.09 at% S at 

high temperature (900-1284 ºC). Mering and Levialdi [98] measured the low temperature 

homogeneity at 350-400 ºC to be MoS2+x (0≤x≤0.5). The extended homogeneity ranges of MoS2 

[98] at low temperature could be attributed to the existence of free sulphur, since free sulphur was 

found in MoS3 prepared using the similar approach [99]. However, the present initial 

thermodynamic calculations indicate that MoS2 energetically prefers an extended homogeneity at 

low temperature and the x-ray diffraction experiments from Mering and Levialdi [98] showed clear 

diffraction patterns. Therefore, the experimental data reported by Mering and Levialdi [98] is also 

considered as reliable. 

  
The reported melting points of MoS2 fall in the range of 1185-2375 °C [73, 84, 85, 100, 

101]. The experimental methods used [73, 84, 85, 100, 101] were unable to clarify the exact 

melting point of MoS2. Cannon [100] estimated the melting point of MoS2 to be 2375 °C using 

Tamman’s rule. Thermodynamic calculations using the well-established thermodynamic 

parameters of the gas phase [102] and the MoS2 compound phase obtained in the present work 

indicated that the MoS2 phase will be in equilibrium with gas and pure Mo at 1956 ºC at ambient 

pressure. Thus, it can be concluded that the melting point of MoS2 under one bar could not be 

2375 °C. The gas pressure attained in the experiments [73, 84, 85, 100] might be much higher than 

one bar. While the melting temperature or decomposition temperature (1650-1700 ºC) by 

Zelikman and Belyaevskaya [101] is reasonably at one bar. Starkov and Drobot [77] evaluated the 

decomposition temperature of MoS2 to be 1300 ºC and Shang et al. [25] at 1731 ºC. The later one 

is more reasonable according to the present thermodynamic evaluation. 

 

Vasilyeva et al. [82, 83] interpreted the transition temperature at 1580±15 °C as the boiling 

temperature of MoS2. A similar temperature of 1560±10 °C was considered as the polymorphous 
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transition temperature between α_Mo2S3 and β_Mo2S3 [73, 84, 85]. In addition, Eremenko et al. 

[103] also measured “the solidus temperature” to be 1540±15 °C. In consideration of the melting 

temperature of MoS2 and the recent experimental data [82, 83], this temperature is more reasonable 

to be the polymorphous transition temperature of Mo2S3. 

 

In addition, Mo2S5 [104] and MoS3 [99, 105-107] can be synthesized by dehydration of 

their hydrates prepared from thermal decomposition experiments. The preparation of Mo2S5 was 

not further confirmed. And the MoS3 amorphous [106, 108] is thermally unstable and will 

decompose to 2H_MoS2 as temperature increase. The MoS3 phase cannot be prepared by long time 

annealing of MoS2 and S mixtures at 200 and 300 °C [109]. The Mo3S4 compound (Rhombohedral) 

was reported to be synthesized by leaching [24, 110] or thermal weight loss of third element of 

Chevrel phase Mo6S8Mx (M=Pb, Sn, Cu, etc.) [111]. According to Flükiger et al. [24], the 

metastable phase Mo3S4 showed superconducting behavior at 1.8 K.  

 

It can be concluded that only Mo2S3 and MoS2 are stable compounds. A summary of the 

crystal structural information of these compounds is shown in Table 2 in the supplementary data.  

 

3.2.2 The solubility of S in bcc_A2 
 

Straumanis and Shodhan [112] and Schaefer et al. [80] measured the solubilities of S in 

bcc_A2 (Mo) to be less than 2 at% and 1.49 at%, respectively, at 1100 °C. And Red’ko et al. [97] 

measured the solubility of S in (Mo) to be larger than 1.86 at% at 1284 °C. These data are 

consistent. 

 

3.2.3 Other invariant equilibria 
 

The reported eutectic temperatures of Liquid = Mo + Mo2S3 are generally consistent as 

tabulated in Table 3. It is reasonable to identify that the reaction temperature as 1610±12 °C with 

the liquid composition at about 0.41±0.03 at% S. However, the previous phase diagram evaluations 

by Brewer and Lamoreaux [75] and Starkov et al. [77] preferred the temperature reported by 

Eremenko et al. [103]. As discussed before, this temperature is more probably related to the 

polymorphous transition of Mo2S3. 



12 
 

 

An eutectic reaction Liquid = Mo2S3 + MoS2 at 1953±15 °C was reported by Vasilyeva 

and Nikolaev [82]. However, the present pre-thermodynamic calculation indicates that gas will 

always take part in the equilibrium at ambient pressure and such a high temperature. 

 

Moh et al. [73, 84] reported a monotectic reaction, Liquid = Liquid + bcc_A2, at 

1950±20 °C with the liquid composition of 5.75 at% S and 38-39.6 at% S. However, the melting 

point (Tm) of Mo is 2896.00 K, and the enthalpy of fusion ( Hfus ) of Mo is 37479.78 J/mol [113]. 

The Van’t Hoff relationship for initial slopes of the liquidus and solidus is [114]: 

 

(6) 

 

where x is mole fraction, and R is gas constant. Assume there is no sulphur solubility in solid Mo, 

the initial slope of the liquidus is -0.000538. The calculated limiting slope is shown in Fig. 5. In 

fact, there is noticeable solid solubility of S in (Mo), the initial slope of liquidus should be even 

more flat. Assume this monotectic reaction is real, the liquidus in the Mo rich side of the phase 

diagram would have an even steeper slope than the limiting slope predicted by eq. (6) without 

considering solid solubility. Thus, the monotectic reaction reported by Moh et al. [73, 84] should 

not be incorporated in the Mo-S phase diagram. 

 

The dissociation temperatures of MoS2 and Mo2S3 under reduced pressure [27-29, 78, 115-

119] were listed in Table 3 in the supplementary data. It can be seen from the table that the 

dissociation temperatures of MoS2 and Mo2S3 decrease with pressure. This is because equilibrium 

sulfur pressure decreases as pressure decreases. However, the measurements by Isakova et al. [115] 

and Srivastava and Avasthi [119] showed very low decomposition temperatures of MoS2 at 

ambient pressure which are quite different with the reported melting temperatures or 

decomposition temperatures as discussed before.  

 

4 Thermodynamic modeling 

 

2/)/()/( mfusliquidussolidus RTHdTdxdTdx 
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4.1 Pure elements and stoichiometric compounds 

 

The molar Gibbs energies of Mo, S, α_Mo2S3, and β_Mo2S3 were described as: 

 
97312ln)(   hTgTfTeTdTTcTbTaTGi

o      (7)  

 

The Gibbs energies of Mo and S were taken from the SGTE pure element database 

compiled by Dinsdale [113]. 

 

4.2 Liquid and bcc_A2 phases 

 

The molar Gibbs energies of the liquid and bcc_A2 phases were described using regular 

solution model in the form of Redlich-Kister (R-K) polynomial [120]: 
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where ix  is the mole fraction of element i (i = Mo and S), 
i

o G  is the standard molar Gibbs energy 

of pure element i with the   state. 
v
ijL  is the binary interaction parameter, and magG  is a term 

to take into account the effect of magnetic contribution to Gibbs energy [121]. 

 

4.3 MoS2 phase 

 

The molar Gibbs energy of MoS2 was described using the Compound Energy Formula 

(CEF) [122]. A two sub-lattice model, (Mo, S)1(Mo, S)2, was utilized to model the homogeneity 

range of the MoS2 phase. The molar Gibbs energy is written as: 
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where '
iy  and ''

iy  are the site fraction of element i in the first and second sub-lattice, respectively. 

ji
oG:  is the standard molar Gibbs energy of the hypothetical compound ij2. 

v
kijL :  and 

v
ijkL :  are the 

interaction parameters between i and j in the first and second sub-lattice, respectively. 

 

4.4 Gas phase 

 

The thermodynamic data of gas was directly taken from the SSUB database [102]. The gas 

phase was described using the ideal substitutional model. Gas species include Mo, MoS, MoS2, 

Mo2, S, S2, S3, S4, S5, S6, S7, and S8. The molar Gibbs energy is given as: 
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where o
iG  is the Gibbs energy of gas species i, '

iy  is the mole fraction of species i, P is the total 

pressure, and oP  is the standard pressure, 1 bar. 

 

5 Thermodynamic optimization 

 

The optimization of the thermodynamic parameters was carried out using the ThermoCalc 

software [123]. It can be seen from section 3 that reliable phase equilibria data and thermodynamic 

information for the liquid phase are rare. Therefore, Gibbs energies of the solid phases were 

optimized first. The Gibbs energies of MoS2 and Mo2S3 were evaluated from the thermodynamic 

property data and phase diagram data. The thermodynamic parameters of the bcc_A2 phase were 

optimized to reproduce the experimental solubility data. The liquid parameters were only 

tentatively optimized in the present work, since the reliable phase equilibria data related to the 

liquid phase is still insufficient. The finally obtained thermodynamic parameters are listed in Table 

4. 
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The calculated heat capacities of MoS2 and Mo2S3 are shown in Fig. 1. The presently 

calculated heat capacity of MoS2 excellently reproduces the experimental data as shown in Fig. 

1(a). The prediction using Neumann-Kopp rule deviates from the experimental data considerably. 

A prediction of the heat capacity of Mo2S3 was carried out using the heat capacities of pure Mo 

and MoS2 instead of pure orthorhombic S. That is )(5.1)(5.0)( 232 MoSCMoCSMoC PPP  . 

This is more reasonable than the prediction using Neumann-Kopp rule, since pure orthorhombic S 

is only stable below 95.15 °C. An alternative way is prediction using first-principles calculations. 

As shown in Fig. 1(b), the present first-principles calculations results are closer to the presently 

predicted results using MoS2 and Mo at low temperature. It should be noted that two sets of Gibbs 

energies of Mo2S3 were optimized based on, respectively, the heat capacity predicted from those 

of MoS2 and Mo and heat capacity derived from first-principles calculations. The two sets of Gibbs 

energies of Mo2S3 give similar phase diagram except for the invariant equilibria of liquid = 

β_Mo2S3 + bcc_A2 is with few degree’s difference. In the present paper, all the calculations are 

based on the Gibbs energy derived from the predicted heat capacity using those of MoS2 and Mo. 

Fig. 2 shows the calculated heat content of MoS2. The presently optimized enthalpies and entropies 

of formation of the Mo-S compounds at 298.15 K are shown in Fig. 3(a) and 3(b), respectively. 

The reference states for the calculations are bcc_A2 Mo and orthorhombic S. The present model-

predicted Gibbs energies of formation of MoS2 and Mo2S3 with respect to bcc_A2 Mo and S2 (g) 

reference states are shown in Fig. 4(a) and 4(b), respectively. It can be seen from these diagrams 

that the present optimization can accurately describe the reliable thermodynamic property data. 

Fig. 5 shows the calculated T-x phase diagram of the Mo-S system at 1 bar pressure. The reliable 

experimental data are reasonably described. The calculated invariant equilibria temperatures from 

the present work are also shown in Table 3 with acceptable agreement with the experimental data.  

 

6 Thermal decomposition of MoS2 
 

Thermal decomposition of MoS2 mineral is one way to produce raw Mo. Fig. 6 shows the 

calculated P-T diagrams of Mo2S3 (x(S)=0.6) and MoS2 (x(S)=0.667). The equilibrium states of 

these two alloys under reduced pressure are presented. The related experimental phase transition 

temperatures for Mo2S3 = Mo (bcc_A2) + gas and MoS2 = Mo2S3 + gas are also appended in the 
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figures for comparison. Most of the reliable experimental data are reasonably described by the 

current thermodynamic calculations. It worth noting that the recent data from Wang et al. [27] are 

accurately described. The decompositions of MoS2 and Mo2S3 are liable to occur at low pressure. 

As pressure decrease from 104 pa to 10-3 pa, the dissociation temperature of MoS2 reduces about 

700 K. Similar situation can be seen for Mo2S3. MoS2 will decompose to Mo2S3 and then bcc_A2 

(raw Mo) as temperature increases under isobar condition. 

 

Fig. 7(a) is the calculated P-x diagram at 1000 °C. When isothermally reducing pressure, 

MoS2 will dissociate to Mo2S3 and subsequently to raw Mo. A vacuum of 10-2 pa is enough for the 

formation of raw Mo at this temperature. Further reduction of pressure results in the purification 

of the raw Mo product by releasing sulphur gas. The effect of temperature on the purification of 

raw Mo can be seen in Fig. 7(b). High temperature is preferred to lower the sulphur impurity 

content at isobar condition. At 1500 °C, the required vacuum to produce raw Mo is only about 100 

pa, but there is quite amount of sulphur remaining. Thus, it can be concluded that thermal 

dissociation of MoS2 is an easy way to produce raw Mo. This process requires controlled pressure 

and temperature. S2 as the by product can be condensed. Therefore, this could be an eco-friendly 

way to manufacture Mo. However, it should be noted that the presence of oxygen and moisture 

(H2O) in the reduction process will result in the formation of SO2 and H2S. 

 

The kinetics of the decomposition process as one of the additional factors needs to be 

considered. It is known that the isothermal isobar decomposition of Mo2S3 is diffusion controlled 

[118], while the decomposition of MoS2 is reaction controlled [27]. The decomposition fraction (f) 

of Mo2S3 follows the parabolic equation with time (t): tkf 1
2   [118], and MoS2 with a kinetic 

equation of tkf 2
3/1)1(1   [27]. The kinetic parameters 1k  and 2k  are available in refs. [27, 

118]. The whole decomposition process at high temperature can be realized within 2 to 3 hours 

when the conditions are well selected. The outward diffusion of S2 gas in the Mo shell and the heat 

transfer from the surroundings to the reaction interface are critical to the decomposition process. 

Fine mineral particles are beneficial to accelerate the decomposition process of both MoS2 and 

Mo2S3, since fine particles will decrease the diffusion distance and increase the reaction surface.  
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7 Summary  

 

The thermodynamic properties, phase equilibria, and phase diagram data in the Mo-S 

binary system were critically reviewed. First-principles calculations were utilized to resolve the 

controversial issues related to phase stability and supplement the assessment process. A new Mo-

S phase diagram was proposed and optimized. Thermodynamic parameters in the frame of 

CALPHAD were obtained which can give a reasonable description of the reliable thermodynamic 

and phase diagram information in the Mo-S system. The calculated pressure-temperature and 

pressure-composition diagrams indicated that the thermal decomposition of MoS2 is 

thermodynamically applicable to the production of raw Mo. The present study showed that 

pressure and temperature play important roles in controlling the production process and the sulphur 

content in raw Mo. 
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Table Captions 

Table 1 Summary of thermodynamic studies in the Mo-S system. 

Table 2 Summary of phase diagram studies in the Mo-S system.  

Table 3 Summary of invariant reactions in the Mo-S system. 

Table 4 Summary of thermodynamic parameters for the Mo-S system (in J mol-1 or J mol-1 K-1). 
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Figure Captions 

Fig. 1 Calculated heat capacities of (a) MoS2 and (b) Mo2S3 along with the experimental data. 

Fig. 2 Calculated heat content of MoS2 along with the experimental data. 

Fig. 3 Calculated (a) enthalpies of formation and (b) entropies of formation of compounds in the 
Mo-S system at 298.15 K along with the experimental data. 

Fig. 4 Calculated Gibbs energies of formation of (a) MoS2 and (b) Mo2S3 along with the 
experimental data. 

Fig. 5 Calculated Mo-S phase diagram at 1 bar along with the experimental data. 

Fig. 6 Calculated pressure-temperature (P-T) diagrams along with the experimental data. (a) x(S) 
= 0.6, the experimental data are for Mo2S3 = bcc_A2 + gas. (b) x(S) = 0.667, the experimental data 
are for MoS2 = Mo2S3 + gas. 

Fig. 7 Calculated pressure-composition (P-x) diagrams along with the experimental data. (a) 
1000 °C, (b) 1000-1500 °C (in logarithm composition scale). 
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Table 1 Summary of thermodynamic studies in the Mo-S system. 
Type of experimental data Experimental details Ref. 
Heat capacity of 2H_MoS2 56-292 K, adiabatic calorimetry [45] 

20-100 K, low temperature adiabatic calorimetry [46] 
6-212 K, adiabatic calorimetry [47] 
5-350 K, adiabatic calorimetry [48] 
525-1205 K, calorimetry [49] 
773-1973 K, vacuum calorimetry [50, 51] 

Heat content of 2H_MoS2 525-1205 K, calorimetry [49] 
773-1973 K, vacuum calorimetry [50, 51] 

Entropy of 2H_MoS2 298.15 K, 63.18±0.84 J/mol-K, adiabatic calorimetry [45] 
298.15 K, 65.04 J/mol-K, emf [55] 
298.15 K, 62.43±0.08 J/mol-K, adiabatic calorimetry [54] 
298.15 K, 62.59 J/mol-K [49] 
298.15 K, 62.59±0.08 J/mol-K, adiabatic calorimetry [48] 
298.15 K, 62.59 J/mol-K [50, 51] 

Entropy 298.15 K, Mo2S3 (124.26 J/mol-K), MoS (52.72 J/mol-K), 2H_MoS2 (71.54 J/mol-K), 
estimation 

[56] 

Entropy of α_Mo2S3 298.15 K, 115.53 J/mol-K, first-principles This work 
Formation enthalpy of 2H_MoS2 298.15 K, -78003.71 J/g-atoms, emf at 15, 25, and 35 °C, 

PtǀH2ǀKCl(0.01N)ǀǀKCl(0.01N)ǀH2SǀMoS2 
[55] 

298.15 K, -91266.67±500 J/g-atoms, fluorine bomb calorimetry [57, 58] 

298.15 K, -92702.10±697 J/g-atoms, estimation [61, 62] 

298.15 K, -91066.67 J/g-atoms, estimation [60] 

298.15 K, -81966.67±1667 J/g-atoms, evaluation [59] 

0 K, -94529.85 J/g-atoms, first-principles; 298.15 K, -91699.42 J/g-atoms, Calphad This work 

Formation enthalpy of 2H_Mo3 0 K, 137038.24 J/g-atoms, first-principles; 298.15 K, 24666.67 J/g-atoms, Calphad This work 

Formation enthalpy of 2H_S3 0 K, 71112.47 J/g-atoms, first-principles; 298.15 K, 18333.33 J/g-atoms, Calphad This work 
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Formation enthalpy of 2H_Mo2S 0 K, 28421.14 J/g-atoms, first-principles; 298.15 K, 134699.42 J/g-atoms, Calphad  This work 

Formation enthalpy of 3R_MoS2 0 K, -94500.35 J/g-atoms, first-principles This work 

Formation enthalpy of α_Mo2S3 298.15 K, -81169.60±2510 J/g-atoms, estimation [57] 

0 K, -76317.17 J/g-atoms, first-principles; 298.15 K, -79423.68 J/g-atoms, Calphad a; 

298.15 K, -76614.904 J/g-atoms, Calphad b 

This work 

Formation enthalpy of Mo3S4 0 K, -75601.84 J/g-atoms, first-principles This work 

Formation Gibbs energy of 2H_MoS2 1073-1373 K, MoS2-H2-H2S-Mo equilibrium [69, 70] 
1073-1373 K, MoS2-H2-H2S-Mo equilibrium [68] 
1119-1473 K, molybdenum sulphides-H2-H2S-Mo equilibrium, a radiochemical method, 
chemical analysis, X-ray diffraction analysis 

[63] 

1738-1523 K, dissociation pressure measurements [71] 
1123-1373 K, emf, MoO2 (c), MoS2 (c), Pt, P(SO2)=1atm, PO2ǀO2-, Zr0.85Ca0.15O1.85ǀ 
P(O2)=1atm, Pt 

[66] 

1033-1273 K, MoS2-H2S-H2-Mo equilibrium [65] 
867-1209 K, emf, Pt, MoS2, MoO2, SO2=1 atmǀZrO2ǀO2=0.0112 atm, Pt [61, 62] 
1223 K, S(gas)-MoS2-Mo equilibrium, MoS2-H2S-H2-Mo equilibrium [67] 
569.4-1276.8 K, MoS2-H2S-H2-Mo equilibrium [60] 
1100-1370 K, emf, PtǀFe, Fe0.95Oǀ0.85ZrO2-0.15Y2O3ǀMoS1.457, MoS2, MoO2ǀPt [59] 

Formation Gibbs energy of Mo2S3 1300-1425 K, Knudsen effusion method [72] 
1119-1473 K, molybdenum sulphides-H2-H2S-Mo equilibrium, a radiochemical method, 
chemical analysis, X-ray diffraction analysis 

[63] 

1365-1610 K, MoS2-H2S-H2-Mo equilibrium [56] 
1033-1273 K, MoS2-H2S-H2-Mo equilibrium [65] 
1223 K, S(gas)-MoS2-Mo equilibrium, MoS2-H2S-H2-Mo equilibrium [67] 
1100-1373 K, evaluation [59] 

a heat capacity predicted from MoS2 and Mo; b heat capacity calculated from first-principles calculations.  
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Table 2 Summary of phase diagram studies in the Mo-S system.  
Type of experimental 
data 

Experimental details a 
Ref. 

Solubility of S in (Mo) 1.49 at% S at 1100 °C, CA [80] 
<2 at% S at 1100 °C, LPM [112]
>1.86 at% S at 1284 °C, MSA [97] 

Homogeneity of 
Mo2S3 
 

Mo2.06S3 at 700-935 °C, QE, MA, XRD [79] 
MoS1.457 at 950 °C, solid-gas reaction under varying sulfur pressure, XRD [67] 
Mo2S3-δ (0.008≤δ≤0.036), CTR [81] 

Homogeneity of MoS2  MoS2 at 800-1000 °C, MoS2.5 at 350-400 °C, (MoS2+x (0≤x≤0.5)), thermal decomposition of (NH4)3PMo12O40, 
XRD, DM 

[98] 

MoS2, QE, MA, XRD [79] 
66.6(9)-69.09 at% S at 1100 °C, equilibration of Mo/S(g) and MoS1.99/S(g) [80] 
66.74-66.78 at% S in the S side at 840-1025 ºC, XRD [96] 
MoS2 at 900-1100 °C, S(g)-H2-MoS2 equilibrium [94] 
MoS1.978 to MoS2 (66.52-66.67 at%) at 950 °C, MoS1.983 to MoS2 (66.48-66.67 at%) at 750 °C, solid-gas reaction 
under varying sulfur pressure, XRD 

[67] 

MoS1.85±0.05-MoS1.9 (64.91-65.52 at%) at 900-1284 °C, XRD, MSA, equilibration, CA, MIA [97] 
MoS1.97 (66.33 at% S) at 1000 °C, TGA [95] 

Phase diagram up to 66.67 at% S, QE, MA, XRD [79] 
up to 52.53 at% S, TA, MA, DIL, CA, XRD [103]
up to 66.67 at% S and 500-1900 °C, DTA, QE [84] 
up to 66.7 at% S, evaluation, DTA, QE, MA [73] 
Invariant phase equilibria, TMA [83] 
35-66.7 at% S, TMA, AAET, DDM [82] 

 
a CA = Chemical Analysis; LPM = Lattice Parameters Measurements; MSA = Mass Spectrometry Analysis; QE = Quenching Experiments; MA = 
Microscopic Analysis; XRD = X-Ray Diffraction analysis; CTR = Chemical Transportation Reaction; DM = Density Measurements; MIA = 
MIneralogical Analysis; TGA = Thermal Gravity Analysis; TA = Thermal Analysis; DIL = DILatometric analysis; DTA = Differential Thermal 
Analysis; TMA = high heating rate Thermo-Microscopic Analysis; AAET = Analytical Atomic-Emission Technique; DDM = Differential 
Dissolution Method.
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Table 3 Summary of invariant reactions in the Mo-S system. 
Reaction (at% S) Temperature °C Method a Ref. 
Melting point of MoS2 
   2375, 

>1800±20 
TR, 
TA, WLM 

[100] 

   1650-1700 
(incongruent) 

TGA, TA, MA, CA, XRD 
[101] 

   ~1900 DTA, MA [84] 
   ~>2100 DTA, MA [73] 
   >2000 DTA, MA [85] 
   1731 Calphad [25] 
Boiling point of MoS2 
 1565 TA (10-5-10-4 atm) [71] 
   1575 TA, MA [83] 
   1580±15 TA, MA, AAET, DDM [82] 
Liquid = β_Mo2S3 + gas 
0.61   1754 Calphad This work
MoS2 = β_Mo2S3 + gas    
   1719 Calphad This work
Melting point of β_Mo2S3 
   1740±10 (incongruent) DTA, MA [84] 
   1600 (dissociation) TA [78] 
   1740 (congruent) TA, MA [83] 
   1780±10 (congruent) TA, MA, AAET, DDM [82] 
   <1700 (incongruent) DTA, MA [73] 
   <1700 (incongruent)  [85] 
   1740±10 (incongruent)  [76] 
   1600 (incongruent)  [77] 
   1753 (congruent) Calphad [25] 
   1754.2 (congruent) Calphad This work
Liquid = Mo + β_Mo2S3 
0.37   1607±12 DTA, MA [84] 
   1645 TA, MA [83] 
0.44   1615±15 TA, MA, AAET, DDM [82] 
0.41   1610±10 DTA, MA [73] 
0.48±1   ~1460 MA [124] 
0.37   1607±12  [76] 
0.41   1610±15 DTA, MA [85] 
   1540±15 TA, MA, DIL, CA, XRD [103] 
0.42   1550±100 Calphad [75] 
   1540  [77] 
   1609 Calphad [25] 
0.445   1616 Calphad This work
Liquid = MoS2 + Mo2S3 
   1953±15 TA, MA, AAET, DDM [82] 
   1731 Calphad [25] 
Liquid = Liquid + bcc_A2 
   1950±20 DTA, MA [73] 
   ~1950  [85] 
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a TR = Tammann’s Rule; TA = Thermal Analysis; WLM = Weight Loss Measurement; TGA = Thermal 
Gravity Analysis; DTA = Differential Thermal Analysis; MA = Microscopic Analysis; CA = Chemical 
Analysis; AAET = Analytical Atomic-Emission Technique, DDM = Differential Dissolution Method, DIL 
= DILatometric analysis.

α_Mo2S3 = Mo + MoS2 
   610±5 DTA, MA [84] 
   610±5 MA, XRD [79] 
   664 Extrapolated [65] 
   664±50 Calphad [75] 
   610±5  [76] 
   610  [77] 
   629 Calphad [25] 
   610 Calphad This work
S2 (g) + Liquid = MoS2 
   1750±50 Calphad [75] 
   1731 Calphad [25] 
S2 (g) = Liquid + MoS2 
   444.6 Calphad [75] 
   444  [77] 
   461 Calphad [25] 
   461 Calphad This work
3R_MoS2 = 2H_MoS2 
   1000  [76] 
α_Mo2S3 = β_Mo2S3 
   1560±10 DTA, MA [84] 
   1560±10 DTA, MA [73] 
   1560  [85] 
   1560 Calphad This work
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Table 4 Summary of thermodynamic parameters for the Mo-S system (in J mol-1 or J mol-1 K-1). 

Phase Thermodynamic parameters Ref. 

Gas 

 

(Mo, MoS, MoS2, Mo2, S, S2, S3, S4, S5, S6, S7, S8)1  

gas
Mo

o
Mo

o GG   [102] 

gas
MoS

o
MoS

o GG   [102] 

gas
MoS

o
MoS

o GG
22

  [102] 

gas
Mo

o
Mo

o GG
22

  [102] 

gas
S

o
S

o GG   [102] 

gas
S

o
S

o GG
22

  [102] 

gas
S

o
S

o GG
33

  [102] 

gas
S

o
S

o GG
44

  [102] 

gas
S

o
S

o GG
55

  [102] 

gas
S

o
S

o GG
66

  [102] 

gas
S

o
S

o GG
77

  [102] 

gas
S

o
S

o GG
88

  [102] 

Liquid (Mo, S)1  

liq
Mo

o
Mo

o GG   [113] 

liq
S

o
S

o GG   [113] 

TL SMo 11.205.1660330
,   This work 

TL SMo 00.4091.381491
,   This work 

TL SMo 73.3076.434722
,   This work 

bcc_A2 

 

(Mo, S)1(Va)3  

bcc
Mo

o
Mo

o GG   [113] 
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a heat capacity predicted from MoS2 and Mo; b heat capacity calculated from first-principles calculations.  

  

bcc
S

o
S

o GG   [113] 

TL SMo 50.322250000
,   This work 

α_Mo2S3 

 

(Mo2S3)1  

TTTG SMo
o ln124.08373714.875439761.4

32_   

36241 101.46894988107.1208711820846.46+ TTT    

This work a 

TTTG SMo
o ln116.44538642.312422200.0

32_   

38241 105.145525351057.36469482646849.415+ TTT    

This work b 

β_Mo2S3 (Mo2S3)1  

TGG SMo
o

SMo
o  1833

3232 __   This work 

MoS2 

 

(Mo, S)1(Mo, S)2  

bcc
Mo

o
MoMo

o GTG 3874000.00:   This work 

ort
S

o
SS

o GTG 33055000:   This work 

TTTG SMo
o ln73.785239437.80+300558.04:   

37241 108.24179085106.28908896500962.593+ TTT    

This work 

SMo
o

SS
o

MoMo
o

MoS
o GGGG ::::   This work 

430000
:, SSMoL  This work 

280000
,: SMoMoL  This work 

220001
,: SMoMoL  This work 

Monoclinic (S)1  

mon
S

oo GG  [113] 

Orthorhombic 

 

(S)1  

ort
S

oo GG  [113] 
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Fig. 1 Calculated heat capacities of (a) MoS2 and (b) Mo2S3 along with the experimental data. 

 

 

Fig. 2 Calculated heat content of MoS2 along with the experimental data. 
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Fig. 3 Calculated (a) enthalpies of formation and (b) entropies of formation of compounds in the 
Mo-S system at 298.15 K along with the experimental data. 
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Fig. 4 Calculated Gibbs energies of formation of (a) MoS2 and (b) Mo2S3 along with the 
experimental data. 
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Fig. 5 Calculated Mo-S phase diagram at 1 bar along with the experimental data.  
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Fig. 6 Calculated pressure-temperature (P-T) diagrams along with the experimental data. (a) x(S) 
= 0.6, the experimental data are for Mo2S3 = bcc_A2 + gas. (b) x(S) = 0.667, the experimental 
data are for MoS2 = Mo2S3 + gas. 
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Fig. 7 Calculated pressure-composition (P-x) diagrams along with the experimental data. (a) 
1000 °C, (b) 1000-1500 °C (in logarithm composition scale). 
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